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Abstract

For power converters used in renewable energy systems, output-impedance design has become an impor-
tant design consideration for minimizing the impacts of low-frequency harmonic current on the lifetime of
ripple-sensitive energy sources such as fuel cells and photovoltaic cells. In the literature various methods are
proposed to tackle this design issue but they are frequently treated in isolation from each other and specific to
the systems being discussed. In this paper, a systematic derivation of four basic modes of output-impedance
shaping method is presented. These basic modes can be directly inferred from the Mason’s gain formula and
other methods are in essence derivatives or combinations of these basic modes. By using a fuel-cell-battery-
powered single-phase inverter as an implementation example, their characteristics are discussed thoroughly

and their performances in shaping converter’s output impedance are evaluated experimentally.

1 Introduction

In many renewable energy systems involving ripple-sensitive energy sources such as fuel cells and photo-
voltaic cells, the presence of low-frequency ac component at around 100 Hz in their output current can have
significant detrimental effects on the lifetime of these devices when they are used to drive inverter load [1]-[4].
For this reason, output-impedance design of the converter(s) forming these energy systems has become an im-
portant consideration with the aim to prevent the low-frequency ac current from being drawn from these energy

sources.
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There are in general two categories of methods being adéptedthieving this aim. The first category of
methods involves increasing the output impedance of theester associated with the ripple-sensitive energy
source [5]-[10]. If there is no other energy storage presetite system, the low-frequency ac current will
typically be drawn from the dc-link capacitor and, as a rgsntreasing the amplitude of the voltage ripple
on the dc bus voltage. The inverter’'s operation can be adleadfected when the amplitude of the voltage
ripple becomes excessively large, unless a very largenttaziipacitor is used to minimize the voltage ripple. In
addition, the frequent periodic charging and dischargiipe dc-link capacitor, typically of electrolytic type,
will also reduce its lifetime due to internal heating. If, the other hand, a dedicated energy storage, battery or
super-capacitor bank, is present and connected in pat@tieé dc bus, decreasing the output impedance of the
converter associated with the energy storage, as a sectagboaof methods, can create a low-impedance path
for the flow of the low-frequency ac current and prevent inirbeing drawn from either the ripple-sensitive
energy source or the dc-link capacitor [11]-[16]. The usgenficated energy storage is advantageous in terms of
meeting transient load changes, such as offering a sulahamcreased peak power capability and the ability
to absorb power from energy-regenerative loads, whileh wibperly designed output impedance, assisting in
preserving the lifetimes of both the energy source and tHeécapacitor.

Leaving aside the practical impacts of these two categofiesethods, it should be clear that they indeed
have the same origin in the design of converter’s output tapee, with one focusing on the energy source
branch and the other on the energy storage branch. In they pefforts are made to systematically analyze
and explore the various fundamental approaches to aftgatintechnically, shaping the output impedance of
converters in general, when they are used in renewable gsgstems or other power electronic systems en-
countering similar design issue. The analysis to be predemere is founded on the Mason’s gain formula,
from which two fundamental ideas are derived. The first ideggests the addition of forward paths for mini-
mizing the numerator of the Mason'’s gain formula, and th@sd®ne suggests the addition of feedback loops
for maximizing the denominator. Collectively these ideaggise to four basic modes of output-impedance
shaping method, namely the load-current feed-forwardy&ifresistor, virtual-capacitor, and virtual-inductor
approach. These methods had been discussed in literatdiféeirent ways for different applications but they
were often treated individually and in isolation from eathew [17]-[26]. It will be shown that all of them can
be directly inferred from the Mason’s gain formula by insji@t.

In this paper, these ideas will be developed systematieaitydiscussed thoroughly, and demonstrated by
using a fuel-cell-battery-powered single-phase inveatean implementation example, in which case the fuel

cell represents the ripple-sensitive energy source ankitiery represents the dedicated energy storage. A two-



input bidirectional dual active bridge (DAB) dc-dc conestiis adopted for interfacing the fuel cell and battery to
the inverter load due to its high efficiency and flexible poflew control. All four basic modes of the output-
impedance shaping method will be implemented on the cozwartd their characteristics and performances
evaluated experimentally. With reference to the preseakanple, the same methods and their derivatives
(combination of the four basic modes) can be broadly apptiedher converters subject to application-specific
output-impedance requirements.

This paper is organized as follows. Section 2 presents &tenieew of the multi-input bidirectional DAB
dc-dc converter, and a simplified model of the converter iszdd. This is followed by a systematic derivation
of the four basic modes of output-impedance shaping metrad the Mason’s gain formula in Section 3,
during which the idea of forward-path-gain compensatiaiss introduced as a way to reshape the converter’s
dynamic response in the presence of output-impedancerghafiection 4 discusses the design and practical
implementation of these four basic modes of output-impedaiaping, and experimental results including
both static and dynamic characteristics and FFT analysieeomain converter's waveforms are presented in

Section 5. Finally, the work is concluded in Section 6.

2 Bidirectional Dual Active Bridge DC-DC Converter

2.1 Multi-Input Bi-Directional Dual Active Bridge DC-DC Converter
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Figure 1: Multi-input bidirectional DAB dc-dc converterthishared secondary half-bridge cell.
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Bidirectional dual active bridge (DAB) dc-dc converter§Jare widely used in renewable-energy-based

power conditioning systems due to several advantages suibtdxéle power flow control, realization of zero-



voltage switching, and high efficiency. In this work, the atgmgy is adapted for multi-input operation [28],
and the resulting converter is shown in Fig. 1. The multidinpidirectional DAB dc-dc converter developed
here uses two separate transformers for the input halferalls so that each of the input half-bridge cells
can be controlled independently, thus enabling a more tilerdaplementation of various power-flow control
strategies. By using phase-shift control, the bidireclgower flow of each of the input half-bridge cells can
be controlled by adjusting the phase difference betweetrdinsformer’s primary and secondary voltages.
With reference to Fig. 1y,1 ~ v,2, andv,.3 represents the output voltages of the two input half-brikjks
and the shared secondary half-bridge cell, respectivéig. cBpacitore’; ~ Cy andCf ~ C are assumed to
be sufficiently large that the voltagés ~ V, andV; ~ V{ are reasonably assumed to be constant. The current
flowing through the transformer’s leakage inductance ofitfyalf-bridge cell 1 and 2 is denoted by andi,.o,
respectively. By using phase-shift control, the power fldweach input half-bridge cells can be controlled by
adjusting the phase differencg(or ¢, ) between the transformer’s primary and secondary voltayesording
to the control strategies discussed above, the fuel cefidbralways delivers power by controlling larger
than zero, while the energy storage branch can deliver p@alsorb power, or have no contribution to the load
by controlling the value of-. For the two-input converter shown in Fig. 1, the power degldd by the fuel cell

and energy storage, and the total power delivered by bogiivésn by Equation (1), (2), and (3), respectively.

Jy" in (@i (0) 9 or (o~ |en]) Via Vi

Pr = 2 4L, qw ni (1)
- J2T ira(0)v,2(8) dO 2 (7 = |pa]) VaaVis
P, = = 2)
27 47 Lyow 2
Po — Pf + Pb (3)

whereVis = (Vi + V2), Vay = (V3 4+ Vi), andVis = (V£ + V) = V. By imposing the conditiop; > 0,
the fuel cell branch always delivers power to the load or g@netorage, while the energy storage branch can be

controlled to deliver power4, > 0), absorb powerf, < 0), or become inactived; = 0).

2.2 Output Impedance of Energy Storage Branch

Since the two-input bidirectional DAB dc-dc converter simaw Fig. 1 is effectively two single-input con-
verters connected in parallel, each of them will exhibitshene small-signal characteristics. When the parallel-

connected converters are used to drive an inverter loadgthuting low-frequency harmonic current will mainly



flow from the energy storage, and therefore the output impeelaf the energy storage branch is of greater in-
terest and will be analyzed in more detalil.
As given by Equation (2), the power flow of the energy storageabh can be described by the following
equation.
‘/inQ‘/o
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whereL, s is the transformer’s leakage inductanigijs the output voltage reflected to the transformer’s primary
side, andp is the phase difference between the transformer’s primagdysecondary voltages. Assuming that
the voltage ripple on the dc bus voltage is small, thaljsis approximately constant, the converter’s output

current can be approximated by the following equation.

V;nQ

I =
b 27erT2 v

(m =) (®)

Linearizing Equation (5) gives the small-signal transfendtion from the phase differenceto the con-

verter's output current, as
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Figure 2: Approximate small-signal model of bidirectio®\B converter: (a) Norton equivalent circuit, (b)
Thevenin equivalent circuit, and (c) transfer-functiopresentation.

With the transfer functiorG;,, derived above, the converter can be modeled as shown in &jgvizere
C, is the output capacitor and, is the nominal load, both reflected to the transformer’s prirside, and,

represents the perturbation in load current. By Thevetti@erem, the converter can be modeled as a dependent



current source (Fig. 2a) or a dependent voltage sourceZB)duy using the following transformation.

Gop = GipZo )
where
1
e (8)

From Fig. 2b, the converter’s small-signal output voltagean be derived as a function ¢fandi, after

eliminatingJ,.

Uy = thp@ - Zo.}o (9)
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The last equation provides a convenient tool for modelirgdbnverter using transfer functions only; the
resulting model is shown in Fig. 2c. Based on this model, tio@ppsed control strategies can be clearly illus-
trated in the subsequent discussions. Before proceeditigefuthe approximate small-signal transfer functions
G, andZ; are verified against the exact transfer functions deriveerigorously in [28], with the converter’s
component values given in Table 1. From Fig. 3, it can be seanthe gain and phase plots of the approx-
imate and exact transfer functions @f,, overlap with each other, except at the frequencies assaciith
the RHP zeros and poles on the imaginary axis which are noddeped by the approximate transfer function.
The effects of these differences can be minimized or eveleotegl as the converter’s closed-loop bandwidth is
typically designed to be well below these frequencies. Tdia gnd phase plots of the approximate and exact

transfer functions of! exhibit no noticeable difference and thus are not shown.here
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Figure 3: Bode plots of the phase-shift-to-output-voltagasfer functiorG:;,, = G,/ (1 + Z,/Z1).

3 Systematic Derivation of Output-lmpedance Shaping Methods from

Mason’s Rule

In this section, the reduction of energy storage branchjsutimpedance is discussed based on the converter
model derived in Section 2. As can be inferred from the walhwn Mason’s gain formula, introducing feed-
forward and feedback paths to the converter’s control systan contribute to the reduction of converter’s
closed-loop output impedance. In total, four differentttohapproaches are proposed and discussed, one of
which is based on feed-forward mechanism and three are lmsézbdback mechanism. For generality, all

three modes of the feedback mechanism are discussed, giithasiwill be shown, their effectiveness can vary

considerably from one to another.

3.1 Mason’'s Gain Formula

In a converter system containing one or more loops, its didsep output impedancgS can be generally

described by the well-known Mason'’s gain formula [29].
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whereN is the total number of forward paths froito ,, G}, is the gain of the:th forward path Ay is the
cofactor value ofA for the kth forward path, with the loops touching ttéh forward path removed,; is the
loop gain of theith loop, L; L; is the product of the loop gains of any two non-touching loops

It can be inferred from Equation (10) that the effective aifpnpedance of the converter can be reduced
by introducing additional paths into its control systenhié tadditional paths are inserted in such a way that the
numerator and denominator of the Mason’s gain formula isedesed and increased, respectively. Specifically,
as the numerator represents a summation of forward-pathegdactor productsX:kN:1 GrAy), the additional
paths should be inserted in such a way that the newly intrediGg A, terms should partially or completely
cancel the ones resulted from the existing forward paths.tlf@denominator, the opposite rule applies and
requires that the individual terms in the summation reicéagach other for maximizing the denominator value.
Note that in order to do so the constituent terma\ipreceded by-1 should be made positive by introducing

additional paths having appropriate signs.
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Figure 4: Basic control system of the converter used in tleegynstorage branch.

The basic control system of the bidirectional DAB dc-dc anter in the energy storage branch is shown
in Fig. 4, wheren; is the transformer’s turn ratidy, is the sampling gain;,. ¢ is the reference signal for the
dc bus voltage(,,. is the compensation network’s gaif,, is the control signal, and’,, is the modulator’s
gain. The system can be visualized as having two inpyts, andi,, and one output,. Each of the two
inputs has its own forward path to the output, but in respétt® converter’s output impedance, which is the
main subject of discussion, only the forward path frjyto @, is considered when minimizing the numerator
of Equation (10). Besides, since the energy storage branddquired to provide dc bus voltage regulation,
there must be at least one feedback path fignfior achieving this objective through the adjustment of the
converter’s control variablé. It can be seen that introducing more feedback paths to thieaeystem affects

the denominator of Equation (10) only. The following dissiosis are based on extensions of this basic control



system. For reference, the output voltageproduced by the closed-loop system is given by Equation, (12)

whereL is the loop gain.
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3.2 Load-Current Feed-Forward

From the basic control system shown in Fig. 4, one existimgdod path fromi, to ¢, can be identified
as—Z7,/(1+ Z,/Zy,). According to the Mason'’s gain formula, the overall gaimfrg, to ¥, can be reduced,
or ideally nullified, if one or more additional forward patbsopposite sign to the existing forward path are

introduced into the control system. For clarity, the ide#listrated by the addition of one forward path from
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Figure 5: Additional forward path created by load-curred-forward.

The additional forward path is created by feed-forwardimg fbad current, and adding it to the control
signald.,. The feed-forward gain is denoted B¥;,. The transformer’s turn ratio, is used to reflect both
the output voltage, and load current, to the transformer’s secondary side from where they arejiyi

sampled. With the additional forward path, the output \guta, produced by the closed-loop system is given
by Equation (13), wheré is the loop gain.
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By comparing Equation (13) to Equation (12), it can be seatitte converter’s closed-loop outputimpedance
7,/ — 1, has been reduced by an amount proportional to the feed-fdrgain H +a With its closed-loop sta-
bility and dynamic responsg, /v,y remain unaffected. It can be further deduced that the chmmal output
impedance can be ideally reduced to zero if the followingdition is satisfied and{ ;4 = H 40 is chosen.

ZO 1 G’UQ& Z Ng

— = HipF,——2 =0 = Hyg = °__npg =
1+ 2,2, M 11 2,7y 10 = G i GipF

(14)

Fig. 6 shows the plots of the open-loop and closed-loop ditppedance of the converter with and without
load-current feed-forward. It can be seen that both the -dpemand closed-loop output impedance at 100 Hz
are significantly attenuated by feed-forwarding the loadent to the control system, and the degree of atten-
uation improves as the feed-forward gain increases towHdg H ;a0 = 1, in agreement with the theoretical

analysis presented above.
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Figure 6: Open-loop and closed-loop output impedance withvaithout load-current feed-forward.
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3.3 Output-Voltage Feedback

According to the Mason’s gain formula, the overall gain frgmo @, can be reduced if one or more addi-
tional loops are introduced to the control system in suchythat they contribute positively to the denominator
A. From the basic control system shown in Fig. 4, one existemative feedback loop from, to 7,y can be
identified with a feedback gain af; F;,. Since the existence of non-touching loops cannot be visdhfor the
system shown in Fig. 4, all additional loops must constihggative feedback loops according to Equation (11)
so that they add positively to each other for maximizing #vent— > " L; and hence the denominatar For

clarity, the idea is illustrated by the addition of one feackloop fromd, to o.,, as shown in Fig. 7.
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Figure 7: Additional loop created by output-voltage feedkba

By applying the Mason’s gain formula, the output voltageproduced by the closed-loop system is given

by Equation (15), wheré is the original loop gain and s, is the additional loop gain.
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By comparing Equation (15) to Equation (12), it can be easglgn that the converter’s closed-loop output
impedancep,/ — i, has been reduced due to the additional loop. The amount attied depends on the
value of the additional loop gaih s, and different selections of the feedback gaiRp, give rise to different
closed-loop output-impedance characteristics, as witliseussed later. However, on the other hand, it can be
seen from Equation (15) that the additional loop not onlyreases the closed-loop output impedance but also

affects the converter’s closed-loop dynamic respange,.; compared to the original system (Fig. 4). The

11



actual effects depend on the specific form¥Df, selected for implementing the additional loop.
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Figure 8: Derivation of method for compensating the effdcaaditional loopL ¢, on converter’s dynamic
response.

In order to reduce the sensitivity of the converter’s dymarasponse to the additional loop, it is necessary

to introduce some compensation into the control system. nétere and form of the compensation can be

12



obtained by analyzing the control system of the convertee first step involves converting the control system
shown in Fig. 7 to the equivalent system shown in Fig. 8a. Imgarison to Fig. 4, it can be seen that the
forward-path gain froni., to o, is reduced by a factor afl + Ly;). In order to compensate for this effect,
an additional forward-path gain ¢f + A) should be introduced into the same path. It is clear that when
conditionA = Ly, is satisfied, the original forward-path gain fram, to ¢, as shown in Fig. 4 is restored, and
the compensated system is as shown in Fig. 8c. In practieadtitional forward-path gain ¢1 + A) can be
realized by the modified system shown in Fig. 8d. In other wpttle compensated system will have the same
loop gain & L), and hence the same dynamic response, as the originalrsystale its closed-loop output
impedance is reduced by a factor(@f+ L ;). For the compensated system, the output voliageroduced by

the closed-loop system is given by Equation (16), wheemdL ¢, are defined in Equation (15).

Gy Zo
b= Gchm 1+Z07ZL 7 . (1+ZO/ZL)(1+Lfb)2 (16)
o 1+L ref 1+L o

Therefore, for the compensated system with additional loap its closed-loop output impedance is given
by Equation (17). By substituting the definition of loop gdip, given by Equation (15) into Equation (17),

remembering that?,, = G, Z,, Equation (18) is obtained.
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—iy 1+L 1+

Equation (18) is of significant interest as it implies tha¢ fihtroduction of the additional l00g ¢, is
equivalent to adding impedance in parallel to the existingverter's output impedance&Z{ and Z;), and
thus diminishing the overall converter’s output impedacampared to the original system. We name this the
“virtual-impedance technique” for output-impedance meehn, with the virtual impedance’s valug, given
by Equation (19). In this equation, the control-to-outputrent transfer functioty;,, is given by Equation (6)
and can be approximated as being constant for a nomin&he productF,, F;,ns is also constant for a given
converter’s design. Thus, the characteristicgf depends only on the specific form of the feedback dajn

selected, and the choice éf;, conveniently provides a tool for shaping the convertersset-loop output

13



impedance in a deterministic way. In the following partg three basic modes @f;;,, corresponding to the

three fundamental circuit element. resistor, capacitor, and inductor, will be discussed.

1

L
v HbevansGiga

(19)

3.3.1 Virtual Resistor

If the feedback gairH f;, is chosen to be a pure numhEr, the resultingZy will resemble a resistor of the

value given by Equation (20). In other words, a resigtgris virtually added in parallel t&, and Z;..

1

X Fop FynoGi, By (20)

ZvR

In the foregoing discussion, an additional forward-patin ga+ A) must be placed between thg.-block
and the adjacent summing node for restoring the convedgriamic response after the additional labp, is

added, where

X FpFyngGhy

A:L =
L

(21)

Typically, the conditionZ, <« Z;, or Z,/Z; < 1, holds, hence the implementation of the additional
forward-path gain is considerably simplified by making iadeindependent,e. A ~ XF,,,F,n:Gy,. The
compensated system witlis, = X is shown in Fig. 9, and the Bode plots of the overall convérteop gain
with/without virtual-resistor implementation and withitinout forward-path-gain compensation are shown in
Fig. 10. The corresponding plots of open-loop and closeg-lmutput-impedance are shown in Fig. 11. Itis
evident from the gain plots in Fig. 10 that without introdugithe additional forward-path gain + A) the
low-frequency loop gain is significantly attenuated, whigh have negative effects on the converter's dynamic
response.

It can be seen from Fig. 11 that, in general, the closed-lagpud impedance decreases as the virtual
resistance decreases. However, this mainly affects thdriguency region only. In proximity to the frequency
of interest (100 Hz), the output impedance is dominated’hyand Z;,, and is essentially unaffected by the
value of the virtual resistor. This renders the virtualists approach ineffective in reducing the converter’s

output impedance as seen by the 100-Hz voltage ripple onctheslvoltage.
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Figure 9: Control system of the converter used in the endayage branch implemented with virtual resistor.
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Figure 10: Bode plots of converter’s loop gain with/witheirtual-resistor implementation and with/without
forward-path-gain compensation.

3.3.2 Virtual Capacitor

Another option is to choose the feedback géaip, to be a pure derivative term in the form ek, the
resultingZy will resemble a capacitor of the value given by Equation (28)other words, a capacit@ry is

virtually added in parallel t&Z, and 7.

1 1
7 = = 22
ve sXFn,FynsGi, sCy (22)

CV = XFvansGw

Similar to the virtual-resistor case, an additional fordv@ath gain(1 + A) must be placed between the
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Figure 11: Plots of converter’s open-loop and closed-loaipat impedance with/without virtual-resistor im-
plementation and with/without forward-path-gain comaits.

G.,.-block and the adjacent summing node, wiftreplaced by X and the same assumption@f/Z;, < 1 is

made.

sXFnFynsGoy

A:L =
fb 1+ Z,/Z1,

R sXFnFunGy, (23)

The compensated system withy;, = sX is shown in Fig. 12, and the Bode plots of the overall convisrte
loop gain with/without virtual-resistor implementationdawith/without forward-path-gain compensation are

shown in Fig. 13. The corresponding plots of open-loop aages-loop output-impedance are shown in Fig. 14.

Li
Z!)

F.G, nF,sX 5777,
~ ~ + ~ T ~r
v v Q| G %
ref co g ve » o o >
4 Gye Y F ez, 1z, + 1, » F, "
sX

Figure 12: Control system of the converter used in the ergtaggage branch implemented with virtual capacitor.

It can be seen that without introducing the additional faxwvpath gain(1 + A) the loop gain’s crossover

frequency is reduced from 200 Hz (for the original systenaktout 50 Hz; it is restored to the original value after
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Figure 13: Bode plots of converter’s loop gain with/witheurtual-capacitor implementation and with/without
forward-path-gain compensation.
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Figure 14: Plots of converter’s open-loop and closed-loofpot impedance with/without virtual-capacitor
implementation and with/without forward-path-gain comgation.

the additional forward-path gain is introduced so that thieverter's dynamic response is not unintentionally
sacrificed due to the additional lody,,. From Fig. 14, itis evident that the additional forwardfpgain(1+ A)

not only restores the converter’s dynamic response buteaibances the effect of the additional labp, and
further attenuates the closed-loop output impedance ofdheerter (see dashed lines). In general, the degree

of attenuation increases as the virtual capacitance isesea
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3.3.3 Virtual Inductor

Finally, if the feedback gailf ;; is chosen to be a pure integration term of the fotifs, the resultingZy
will resemble an inductor of the value given by Equation (2d)ther words, an inductdry is virtually added

in parallel toZ, andZ .

S

Zyr = 7XFvansGw =sLy (24)
1
L = _—
v X FpFynyGi,

Similar to the previous two cases, an additional forwarthggin (1 + A) must be placed between the
G,.-block and the adjacent summing node, wktreplaced byX /s and the same assumption@f/Z; < 1

is made.

XFnFynyGoy  XFEnFngGo,
s(1+Z,/Z1) ~ s

A=Ly = (25)

The compensated system witfy, = X/s is shown in Fig. 15, and the Bode plots of the overall convisrte
loop gain with/without virtual-resistor implementationdawith/without forward-path-gain compensation are

shown in Fig. 16. The corresponding plots of open-loop aoge-loop output-impedance are shown in Fig. 17.
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a ve a m 1+2,1Z,] + s v
X

S

Figure 15: Control system of the converter used in the ensayage branch implemented with virtual inductor.

It can be seen that while the loop gain’s crossover frequesrogins essentially unaffected, the loop gain’s
behavior below the crossover frequency has been complakielsed by the presence of the virtual inductor.
The addition of forward-path gaifil + A) restores the loop gain to one close to the original system. As
expected, with the addition of virtual inductor in paraieith Z, and Z, both open-loop and closed-loop

output-impedance characteristics exhibit resonancegxdad to the resonance between the output capacitor
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Figure 16: Bode plots of converter’s loop gain with/witheirtual-inductor implementation and with/without
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Figure 17: Plots of converter’s open-loop and closed-loaipat impedance with/without virtual-inductor im-
plementation and with/without forward-path-gain comits.

and the virtual inductoLy . Below the resonant frequency, the converter’s output thapee is inductive which
favors a strongly attenuated low-frequency output-impedaharacteristic.

In summary, load-current feed-forward and output-voltegeiback constitute two possible routes to con-
verter's output-impedance reduction, according to thedvi&sgain formula, where the former decreases the

numerator while the latter increases the denominator. Theud-voltage feedback method involves forming
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an additional loop and gives rise to three basic modes oféamphtation, all of which resemble the paralleling
of an additional impedanceé.€. virtual impedance) to the existing physical converter'gpotiimpedance. All

of them are capable of reducing the converter’s closed-tagput impedance but with different degrees of ef-
fectiveness. From the converter’'s Bode plots, it is evidleat the introduction of additional forward-path gain
is mandatory for compensating the negative effects thaéaraturally from the actions of the additional loop

(L y») on the converter’s dynamic response.

4 Design and Practical Implementation

In this section, the circuit design and practical implenaéioh of the four basic modes of output-impedance
shaping method derived in the last section are presentadh&adwo-input bidirectional DAB dc-dc converter

discussed in Section 2, its practical controller’s desigsdal on phase-shift PWM control is shown in Fig. 18.

||
I OutA|~to S,
L Control 1 Out B{|—to S,
I ref | *
Constant Current +—synec Out Cy—to Ss
Controller Out Dy to 5,
UCC3895
Fuel Cell Branch
! ||
Yo I
[1] _:'_| l_' Output |y’ Out A,
Vi Veo| impedance Control 2
g ut Bz
j Ve shaping
= PI Controller | syne Out C,—to S;
> Out D,|—to S,
UCC3895
Battery Branch

Phase-Shift Modulator

Figure 18: Practical controller’s design for a two-inpudibéctional DAB dc-dc converter system.

Since six gate driving signals are required to operate tieearter, two UCC3895 phase-shift PWM con-
trollers are used and synchronized by referencing to thestoamer’'s secondary-side voltage. The fuel cell
branch is controlled by a simple Pl-based constant-curegnilator which generates the gate driving signals
for the primary-side half-bridge’s MOSFETS (and S of the fuel cell branch) and the shared secondary-side
half-bridge’s MOSFETs§; andSg). The energy storage (battery) branch is in turn contrdiec Pl-based
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voltage regulator cascaded with the output-impedancds@ajprcuit which generates the gate driving signals
for the primary-side half-bridge’s MOSFETS{ and S, of the battery branch). According to the foregoing
discussions, the additional forward path (for load-curfead-forward) or feedback loop (for output-voltage
feedback) is added to the control sigmal. As the additional forward-path gaint + A) also acts on the same
control signalv.,, it can be easily included as part of the output-impedanagisly circuit in the present im-
plementation. The control signal emerging from the ouimpgedance shaping circuit is the modified control

signalv’, . The output-impedance shaping circuit can also be bypasseldort-circuitingv., andv_,,,.

Virtual resistor

L Roli =
’ > R [on
LPF Load-current Veo |, I||- F me”s F X

feed-forward

rl
(b)

Virtual capacitor

’
gﬁ;v&

F .G, nFsX

m_vp'’s

Virtual inductor

Figure 19: Practical implementation of output-impedaragéng circuit for: (a) load-current feed-forward; (b)
virtual resistor; (c) virtual capacitor; and (d) virtuabinctor.
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The load-current feed-forward approach can be implementtida very simple circuit configuration, as
it does not affect the converter's dynamic response andefiiee, there is no need to introduce the additional
forward-path gaind. Its practical implementation is shown in Fig. 19a, wherea-mverting summing am-
plifier is used to add the sampled load current to the conigoled. The load current is sampled using a Hall
sensor cascaded with a low-pass filter for removing hightfemcy noises.

Fig. 19b shows the practical implementation of the virtxesistor-based approach. The feedback gain
Hy, = X is implemented using a simple inverting amplifier with a gainR,.4/R,s = X. In practice, in
order to avoid saturation of the inverting amplifier's outpghe value ofX, or in other words the amplifier’s
gain R4/ R,3, should be restricted by the amplifier's supply voltage.nfiBquation (26), it can be seen that
the required additional forward-path gaihcan be implemented using an integrator with its compon&nts
andC,.; determined from the simple relatid®,.;C,.; = Ry C,. The feedback resistak, ., is included to avoid

saturation of the integrator’s output.

XFmFUTLSGw . 1 1

Ar XFE, FyngGop = - -
TtsSve sC, sRyCy,  sRCo

(26)

Fig. 19c shows the practical implementation of the virtcabacitor-based approach. In this case, the feed-
back gainf s, = sX is implemented using a differentiator with a theoreticahgsd s .1 C.1 = sX. Although
the values of?.; andC.; should be determined from this theoretical gain, a moretjmawersion of the differ-
entiator requires the inclusion &f., andC., for attenuating high-frequency noises. From Equation} §22
(23), the additional forward-path gait can be rewritten a€'y /C,, which shows that it can be implemented
using a simple inverting amplifier with a gain 6f,/C, = R.4/R.3. It can also be seen from Equation (27)

that the virtual capacitance increases proportionallft wie feedback gaif¥ s |.

XFnFnsGi, Cv R
C'o B CVo B Rc3

A~ sXFpFyny Gy, = (27)

Finally, the virtual-inductor-based approach is impletedrusing the circuit shown in Fig. 19d. The feed-
back gainH, = X/s is implemented using an integrator with a theoretical géih/6R.3Cr2 = X/s. The
feedback resistoR 14 is included to avoid saturation of the integrator’s outgtrom Equations (24) and (25),
the additional forward-path gaid can be rewritten a$/s2Ly C,, and this enables its implementation using
two cascaded integrators of equal gains, as shown in Figvil®ereRR;C1; = /Ly C,. Again, the feedback

resistorR - is included to avoid saturation of the integrators’ outputs
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Figure 20: Bode plots of converter’s loop gain and outputedgnce with ideal and practical implementations
of various output-impedance shaping methods: (a) magai{ld phase; and (c) closed-loop outputimpedance.

Fig.20 shows the Bode plots of the converter’s loop gain doskd-loop output impedance with ideal and
practical implementation of the various output-impedastt@ping methods. The main difference between the
theoretical and practical case is caused by the use of realiittegrator or differentiator in the implementation.
For the case of load-current feed-forward, the deviatiomfthe ideal case at high frequencies is due to the
use of low-pass filter in sampling the load current (see Fg)1At high frequencies, the sampled load current

becomes severely attenuated by the low-pass filter andeleféeward path is rendered effectively open circuit.
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5 Experimental Results

In this section, the performances of the various modes gfudtimpedance shaping are evaluated. For this
purpose, a prototype of two-input bidirectional DAB dc-ameerter with output-impedance shaping capability
is constructed with the specifications listed in Table 1 himéxperimental system, the fuel cell unit is emulated
using a dc power supply that delivers a constant currengéneanstant power, to the system. To avoid low-
frequency harmonic current being drawn from the fuel cedintoh, its closed-loop bandwidth is designed to
be 7 Hz,i.e. < 1/10 of the harmonic frequency at 100 or 120 Hz. For the enstorage branch, a battery
bank made of lead-acid batteries is used, with four 12-VAh&atteries connected in series. The closed-loop
bandwidth of the battery branch is designed to be approeiynd®0 Hz, which is well below the frequency
(4.8 kHz) of the RHP zeros and poles on the imaginary axis. ifiverter is a conventional one based on full-
bridge topology driven by sinusoidal PWM. Note that a smatpait dc-link capacitor (2@F) is intentionally
used to generate significant voltage ripple on the dc busgelso that its reduction by output-impedance

shaping can be more clearly visualized afterwards.

Table 1: Specifications of the two-input bidirectional DAB-dc converter prototype.

Description Parameter Value
Fuel cell’s output power Py, 160 W
Fuel cell’s terminal voltage Ve 20V
Transformer’s leakage inductance (fuel cell branch) Ly 4.7 uH
Transformer’s turn ratio (fuel cell branch) Npi1 : Ns1 1:10
Dc-link capacitor for input half-bridge (fuel cell branch)  Cp. 80 uF
Maximum battery power Pyt 160 W
Battery’'s terminal voltage Viat 48 V
Transformer’s leakage inductance (battery branch) L2 25.5uH
Transformer’s turn ratio (battery branch) Np2 : Ns2 6:25
Dc-link capacitor for input half-bridge (battery branch Chpa 5 uF
Dc-link capacitor for secondary half-bridge Cs 100 uF
Output dc bus voltage Vo 400V
Output dc-link capacitor C, 20 uF
Switching frequency Sow 52 kHz

Before discussing the experimental results, the seledfiparameters for implementing the various modes
of output-impedance shaping methods are explained. ItlIdHmiemphasized that these parameters are not
optimized in any way, and, as it will be shown, they are debeeah solely for the mode under consideration.
Although there clearly exists the possibility of combinwayious modes in one particular implementation, no

effort is made here to study all possible combinations ansktrch for the optimum solution or to propose
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a generalized design approach (such a solution or desigoagpmay or may not exist), as this paper aims
only to communicate the four basic modes of output-impedahaping method that have already been shown
to emerge naturally from the Mason'’s gain formula. In addifiit should be clear that these methods are not
applicable to the type of converter discussed in this papht and that they can be adopted in different ways
by systems requiring output-impedance shaping for fuifillspecific practical needs, which are too many and
cannot be fully explored here.

For the load-current feed-forward approach, the ideal@hs Hq = Hq0, but to account for the com-
ponent toleranced{ ;q = 0.9H ;49 is chosen to ensure that the output impedance remains apusjts/e. For
the virtual-resistor approach, it was discussed prewoilisit the choice of feedback galy, = X is limited
by the supply voltagel(..) of the inverting amplifier used for realizing. With V,..; = 4.5 V andV,. = 12V,
X is limited to the maximum value of 2.67, acd = 2.5 is chosen for the experimental system, which gives
Ry = 2.6 Q. For the virtual-capacitor approach, the virtual capaciashould be chosen such tldgt > C,
to ensure that the overall output impedance of the convestersensitive to its intrinsic output impedance
Z, = 1/sC,. The choice ofCy = 5C, satisfies this requirement without causing a substantialaton in
Vo, thus @ good signal-to-noise ratio is preserved. Finadlyttie virtual-inductor approach, it is required that
the resonance between the converter’s output capacitand the virtual inductof.,, should occur above the
desired loop gain’s crossover frequency for closed-loapibty, considering that it will introduce an additional
180° phase lag to the loop gain. In general, decreasing the vdliig shifts the resonant peak to higher fre-
quencies. To achieve a closed-loop bandwidth of about 19@ i$Zound that the virtual inductance should be
set smaller thad7 H. The boundary case dfy, = 47 ©H is chosen for the experimental system.

The steady-state waveforms of the converter implementéd thie various modes of output-impedance
shaping are shown in Fig. 21a—21e. The case with no outppgdiemce shaping.€. using Pl controller only)
is also included for comparison. For the four waveforms shaweach figurej;. is the fuel cell’s output
current, iy, is the battery’s output current, 4. is the dc bus voltage, and, ., is the inverter's output
voltage. For the dc bus voltage, only the ac-coupled waweisrshown in order to give a magnified and clear
view of the voltage ripple component. In all cases, no natide harmonic current at the double-line frequency
is drawn from the fuel cell branch due to its very small clegmap bandwidth, hence the harmonic current
mainly flows from the dc-link capacitor and the battery btanaly. In comparison to the converter using PI
controller only, the implementation of the various mode®ofput-impedance shaping has caused different
degrees of reduction in the converter’s closed-loop outppedance. This is verified by the reduction in the

amplitude of the voltage ripple on the dc bus voltage. Thetjtaive changes in the voltage ripple’s amplitude
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Figure 21: Static converter waveforms with (a) PI only; (b)aRd load-current feed-forward; and (c) Pl and
virtual resistor.
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can be more conveniently visualized from the FFT spectra@tit bus voltage waveforms, which are shown in
Fig. 22a—22e for the various modes of output-impedanceiispam comparison to the case with Pl controller
only, the voltage ripple’s amplitude has been reduced by%913.9%, 85.0%, and 62.8%, respectively, for the
load-current feed-forward, virtual resistor, virtual eajior, and virtual inductor approach. The measured trend
is in agreement with the percentage reduction in output dapee predicted by theoretical analysis, which
gives 79.3%, 22.6%, 83.2%, and 77.2% for the correspongipgoach. These values are obtained by reading
the converter’s closed-loop output impedance with Pl orly.24 dB, from Fig. 6) and with various output
impedance shaping methods (—20.9 dB, —9.47 dB, —22.78 dB--20.12 dB for load-current feed-forward,
virtual resistor, virtual capacitor, and virtual inductogspectively, from Fig. 20c). The small increase in the
battery’s output current giving rise to a large reductionaftage ripple should not be seen as a contradiction,
but the result of using a small dc-link capacitor that makes/oltage sensitive to the changes in its stored
chargej.e. AV = AQ/C,. The effectiveness of the various modes of output-impeelahaping in reducing
voltage ripple’s amplitude are in agreement with the cleleegh output impedance associated with them shown
in Fig. 20c. At 100 Hz, the virtual-capacitor and virtuabistor approach results in the smallest and the largest
converter’s output impedance, respectively, while thelloarrent feed-forward and virtual-inductor approach
perform similarly in this respect.

Finally, the dynamic response of the converter implementighl the various modes of output-impedance
shaping were tested and the results are shown in Fig. 23a+834l cases, the inverter’s load was stepped
from half-load to full-load. It can be seen that before thepdbad occurred, the average battery’s current
was negative, indicating that the battery bank was chargeatiéfuel cell branch, which delivers a constant
power. After the step-load occurred, the average batterysent became approximately zero as the fuel cell
branch’s output power was balanced by the inverter’s loagepolt is also clear from these waveforms that
the ac component of the battery’s output current was neaypkbd in amplitude after the inverter's load was
stepped to full-load, while the voltage ripple’s amplituaidy increased by small increment, which gives a clear
indication that the dc-link capacitor’'s impedance is digantly larger than that of the battery branch at the
double-line frequency, as intended by design. In compatisthe converter using PI controller only, the use of
various modes of output-impedance shaping did not altecdhgerter’'s dynamic response noticeably, in some
cases it was even improved, as a result of the simultaneqalsinentation of the additional forward-path-gain

compensation.
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Figure 22: FFT analysis of the dc bus voltage with (a) Pl ofdy;Pl and load-current feed-forward; and (c) PI
and virtual resistor.
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6 Conclusion

In conclusion, four basic modes of output-impedance sliapiathod as can be inferred directly from the
Mason’s gain formula were communicated in this paper. Theegd idea is to design additional forward
paths or feedback loops in such a way that they contributeiminmizing and maximizing the numerator and
denominator of the Mason’s gain formula, respectively,rithen to minimize the overall converter’s closed-loop
output impedance. This paper has laid down the four basiesotisuch approach, namely the load-current
feed-forward, virtual resistor, virtual capacitor, andwal inductor, based on which more complex impedances
can be derived by combining them in ways that suit the spewdfeds of particular converter systems requiring
output-impedance shaping, such as those renewable enatgyns involving ripple-sensitive devices such as
fuel cells, photovoltaic cells, and electrochemical sierdevices. Today, these complex output impedances
can be readily implemented by using digital controllers.this paper, an example system based on multi-
input bidirectional DAB dc-dc converter was constructedtésting their performances in shaping the energy
storage branch’s output impedance. It was shown that they igse to different degrees of output-impedance
shaping capabilities. So far no conclusion is made in raspeahich of these modes (or their derivatives
or combinations) or design approach will give the optimusute Their application should be considered in
conjunction with the particular characteristics of theamer systems to be optimized, such as intrinsic output

impedance and existing control system design.
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